The spectrum sharing problem is considered under the scenario of a one-way highway vehicular network. We model the locations of the vehicle-to-vehicle (V2V) nodes, the vehicle-to-infrastructure (V2I) nodes, and the road side units (RSUs) as 1D Poisson point processes (PPPs) on a straight line of infinite length. To efficiently reuse the spectrum preoccupied by the V2I nodes, a contention based opportunistic spectrum access (OSA) strategy is proposed for V2V nodes. Particularly, a V2V node is designed to first detect the spatial spectrum holes of the V2I links and then if succeeds, compete with other eligible V2V nodes (in the spatial spectrum holes of the V2I links) for the access permission. Under this setup, the transmission probability of V2V nodes is derived. Further, the coverage performances of the V2V and V2I links are analyzed. It is worth noting that one of the key challenges in the computations of the transmission probability and coverage probabilities stem from the non-homogeneity of the eligible/active V2V nodes. Then, for tractability of the analytical results, we propose a HPPP approximation for the spatial model of the eligible/active V2V nodes and validates the respective effectiveness by means of extensive simulations. We also discuss the key design insights by analyzing the impact of system parameters on the network performance. It is shown through both numerical and simulation results that the proposed contention based OSA strategy can enhance the spectrum efficiency of the one-way highway vehicular network.
I. INTRODUCTION
The emerging concept of vehicle-to-everything (V2X) communications, which enables the massive data transmissions of critical safety information, road status, and Internet traffics via vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications, has attracted tremendous interests over recent years [1] - [3] , [6] - [11] . Particularly, to meet the stringent low latency and high reliability requirements of the V2X services, 3GPP has recently initiated the standardization of cellular based vehicular networks by exploiting the 4G and 5G radio access technologies [12] , [13] . It is anticipated that, the cellular assisted V2X communications will play a vital role in the development of the future intelligent and autonomous-driving based vehicle transportation systems.
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One of the key design challenges in cellular based V2X systems is the coexistence of the V2V and V2I links under limited radio resources. To address this issue, several attempts have been made on the V2X spectrum sharing problem [14] - [22] . Particularly, Botsov et al. [14] developed a novel location based resource allocation scheme for V2X networks to satisfy the strict latency and reliability QoS requirements of automotive safety services. In Jiang et al. [15] analyzed the information sharing performance in vehicular networks under a reinforcement learning based incentive mechanism. Liang et al. [16] considered the maximization of the ergodic capacity of V2I links while the outage probability of V2V links was guaranteed. Further, graph theory was applied [17] to solve the spectrum allocation problem between V2I and V2V links. Liang et al. [18] also investigated the multi-agent reinforcement learning based spectrum sharing strategy in vehicular networks to VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ improve the spectrum and power allocation of the V2V links. Zheng et al. [19] investigated in software-defined vehicular networks and characterized the delay-optimal virtualized radio resource management solution via stochastic learning.
Ashraf et al. [20] applied the Lyapunov-based framework to jointly optimize the radio resource management and power control in V2X networks. Sun et al. [21] investigated the radio resource management problem which maximized the sum rate of V2I links subjected to the latency and reliability constraints of V2V links. Sun et al. [22] further studied the cluster-based spectrum sharing strategy to address the interference management among V2V links. It is worth noting that, though various techniques have been considered in the above mentioned works [14] - [22] to enhance the spectrum sharing performance of the vehicular networks, cognitive radio based OSA strategy [23] , [24] has not been investigated. Stochastic geometry has been applied in the modeling of different kinds of vehicular networks to capture the mean effect of the transmission performance over recent years. Particularly, in [25] , for vehicles on a single road, Blaszczyszyn et al. investigated the optimized transmission probability to maximize the network throughput. In [26] , under the setup of multi-lane highways, Farooq et al. investigated different message forwarding schemes of vehicles and captured the tradeoffs between packet forward progress, transmission success probability, and spatial frequency reuse efficiency. Wang et al. [27] derived the downlink coverage performance of V2I mmWave transmissions by modeling the urban streets as Manhattan Poisson line process. Chetlur and Dhillon considered the doubly-stochastic spatial model for vehicular networks and derived the coverage probability. Further, Chetlur and Dhillon [29] derived the SIR based coverage and rate coverage of downlink cellular V2X communication networks. While these works provide various analytical framework for vehicular networks, none of them have considered the complex spectrum sharing strategies, e.g., cognitive radio based OSA strategy, of vehicle nodes and captured the respective performance.
In this paper, different from [14] - [22] and [25] - [29] , motivated by the idea of cognitive radio, we investigate the contention based OSA of V2V nodes in a one-way highway vehicular network and analyze the respective performance by applying tools from stochastic geometry. The main contributions of this paper are summarized as follows:
• We model the locations of the V2V nodes, the V2I nodes, and the RSUs as 1D Poisson point processes (PPPs) on a straight line of infinite length. To efficiently reuse the spectrum preoccupied by the V2I nodes, a contention based OSA strategy is proposed for V2V nodes. Particularly, a V2V node is designed to first detect the spatial spectrum holes of the V2I links and then if succeeds, compete with other eligible V2V nodes (in the spatial spectrum holes of the V2I links) for the access opportunity.
• We derive the transmission probability of V2V nodes. Further, we evaluate the coverage performances of the V2V and V2I links under the proposed contention based OSA strategy. It is worth noting that one of the key challenges in the computations of the transmission probability and coverage probabilities lies in the non-homogeneity of the eligible/active V2V nodes. To address this issue, we propose a HPPP approximation for the spatial model of the eligible/active V2V nodes and based one which obtain the tractable analytical results.
The remainder of this paper is organized as follows. In Section II, the mathematical model of the one-way highway vehicular network is described and the proposed contention based OSA strategy is presented. In Section III, the transmission probability of the V2V nodes is derived. In Section IV and V, we evaluate the coverage performance of the V2I and V2V links, respectively. In Section VI, simulations are provided to validate the derived analytical results through numerical simulations. Finally, the conclusions are drawn in Section VII. Notations of selected symbols used in this paper are summarized in Table 1 .
II. SYSTEM MODEL
We consider the uplink of a one-way highway vehicular network formed by V2V nodes, V2I nodes, and RSU nodes sharing the same radio resource on an infinite line as illustrated in Fig. 1 . The locations of V2V and RSU nodes are modeled as two independent 1D homogeneous Poisson point processes with densities λ v and λ r , respectively. Further, for each RSU node, we assume that its associated V2I node is at a random distance of d r away on the highway, where the pdf of d r is given by f (d r ) = 2λ r e −2λ r d r . As such, the RSU nodes also follows a 1D homogeneous Poisson point processes with density λ r .
The transmit power of V2V and V2I nodes are assumed to be the same and denoted by P v . The channel gain of smallscale fading is assumed to be independent and exponentially distributed (Rayleigh fading) with unit mean. Further, the pathloss is defined as d −α for distance d and path-loss exponent α.
In the uplink slot, each V2I node is designed to communicate with its associated RSU for data transmission. Further, in each uplink time slot, a V2V node is assumed to transmit with probability p e while receive with probability 1 − p e , where p e ≤ 1 2 . As such, according to the coloring theorem, the V2V transmitters and receivers respectively follow two independent 1D homogeneous Poisson point processes with
). For spectrum sharing between V2V and V2I links, we assumed that the V2I links (V2I nodes to RSU nodes) have a higher priority than the V2V links to utilize the radio resource. As such, to protect the V2I transmissions and enhance the network performance, a contention based OSA strategy is employed for V2V nodes, which is described in detail as follows.
Contention Based OSA Strategy: At the beginning of each uplink slot, the V2V transmitter first verifies that if there exists at least one V2V receiver within the predefined communication range R v by applying the vehicle discovery procedure. If a V2V receiver is found to be in a distance of R v , the tagged V2V transmitter then starts to monitor the spectrum and detect the spatial spectrum holes of the V2I nodes for data transmission. Particularly, it is assumed that the V2V nodes are able to identify the maximum signal power received from the V2I links. As such, to protect the V2I transmissions, only the V2V transmitters with the maximum received signal power from the V2I links lower than the spatial spectrum hole threshold N v are selected as the candidate V2V transmitters. Upon detected in the spatial spectrum hole of the V2I nodes, to suppress interference from concurrent V2V transmissions, the selected candidate V2V transmitters uniformly generate a back-off timer over the range [0, 1] and start to count down. If no other V2V transmission is detected before the back-off timer counts to zero, the selected candidate V2V transmitter then initiates the transmission.
Intuitively, the proposed contention based OSA strategy for V2V nodes not only ensures the successful transmissions of V2I links, but also constrains the mutual interference among V2V transmissions, which thereby can substantially enhance the spectrum efficiency of the one-way highway network.
III. TRANSMISSION PROBABILITY
The transmission probability of V2V nodes, denoted by q v , under the proposed contention based OSA strategy is derived in this section. We first determine v , which is defined as the probability that a V2V transmitter can find a V2V receiver within a distance of communication range R v , as follows.
Lemma 1:
In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, v is given by
(1)
Proof: With the void probability of 1D homogeneous Poisson point process, (1) is immediately obtained.
Remark 1: It can be easily verified from Lemma 1 that v increases with λ v and R v .
We further derive Q v , which denotes the probability that a V2V node is in the spatial spectrum hole of the V2I nodes as follows.
Lemma 2: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, Q v is given by
Proof: See Appendix A Remark 2: It can be easily verified from Lemma 2 that Q v increases with the interference tolerance N v . It can be also verified that Q v decreases with the transmit power P v and the density λ r of RSU nodes.
We then characterize the density of the candidate V2V transmitters λ c v based on Lemma 2, in the following corollary.
Corollary 1:
In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, the density of the candidate V2V transmitters is given by
Proof: By applying Lemmas 1 and 2, (3) can be easily obtained.
It is worth noting that due to the OSA of V2V transmitters, c v is not a 1D homogeneous Poisson point process, which results in the intractability of the successful contention probability of the candidate V2V transmitters. To tackle this difficulty, approximation on c v is considered as that in [30] - [32] .
Assumption 1: For one-way highway vehicular networks, c v follows a 1D homogeneous Poisson point process with density λ c v . Let ϑ v denote the successful contention probability of the candidate V2V transmitters. Then, based on Assumption 1, the ϑ v is provided in the following lemma.
Lemma 3: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, ϑ v is given by
Proof: See Appendix B VOLUME 7, 2019 With the derived v , Q v , and ϑ v , the transmission probability q v of V2V nodes is provided in the following theorem.
Theorem 1: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, based on Assumption 1, q v is given by
Proof: By noting that
is immediately obtained.
With Theorem 1, we obtain the density λ a v of the active V2Vs in the following corollary.
Corollary 2: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, under Assumption 1, λ a v is given by
IV. COVERAGE PERFORMANCE OF V2I LINKS
This section derived the coverage performance of a typical V2I link with the RSU receiver denoted by R placed at the origin and its associated V2I transmitter placed at a distance of d r away denoted by V I . We first derive the density λ V I c (u) of the candidate V2V transmitters at a distance of u from V I , as illustrated in Fig 2, in the following lemma.
Lemma 4: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, λ V I c (u) is given by
Proof: The proof is same as that for Lemma 4.1 in [31] , and is thus omitted for brevity.
It is worth noting that even under Assumption 1, the candidate V2V transmitters at a distance of u from V I is nonhomogenous and thereby results in intractability of the spatial distribution of the active V2V transmitters. We therefore consider the following assumption. 
where
Proof: By applying a similar approach as that in the proof of Lemma 4.2 in [33] , (8) can be immediately obtained.
Finally, to derive the coverage probability of the V2I link, we need the following assumption on the active V2V transmitters at a distance of u from V I . Assumption 3: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, the active V2V transmitters at a distance of u from V I follows a 1D homogeneous Poisson point process with density λ V I v (u). With this assumption, we first characterize the active V2V transmitters around R in the following two lemmas.
Lemma 6: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, an upper bound on the density λ R s (u) of the active V2V transmitters at a distance of u from R is given by
Proof: It can be easily verified from Fig. 2 that (10) holds.
Lemma 7: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, the following inequality on the density λ R s (u) of the active V2V transmitters at a distance of u from R holds:
Proof: See Appendix C. We are now ready to derived the coverage performance of the V2I links, which is provided in the following theorem.
Theorem 2: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, under Assumption 3, the coverage probability of V2I links is upper-bounded and lower-bounded, respectively, by
Proof: See Appendix D. Remark 3: With Theorem 2, the spatial throughput T r = λ r C r of the V2I links is then characterized.
V. COVERAGE PERFORMANCE OF V2V LINKS
This subsection derived the coverage performance of a typical V2V link with the receiver denoted by V r placed at the origin and its associated V2V transmitter placed at a distance of l v away denoted by V t . We first derive the density λ V t r (r) of the active V2I transmitters at a distance of r from V t , as illustrated in Fig 3, in the following lemma.
Lemma 8: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, based on Assumption 1, the density λ V t r (r) is given by
Proof: By noting that λ V t r (r) = λ r · Pr h ≤ N v r α P v , (14) is immediately obtained.
We further derive the density λ V r r (u) of the active V2I transmitters at a distance of V r , as illustrated in Fig 3, in the following two lemmas.
Lemma 9: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, an upper bound on λ V r r (u) is given by
Proof: It can be easily verified from Fig. 3 that
which thereby completes the proof. Lemma 10: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, we have
Proof: The proof is similar to that for Lemma 7 and thus is omitted for brevity.
Let λ V t c (r) denote the density of candidate V2V transmitter at a distance of r from V t . Then, we obtain the following lemma.
Lemma 11: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, λ V t c (r) is upper and lower bounded by
Proof: By applying a similar approach as that for Lemma 5.4 in [33] , (17) is immediately obtained.
Obviously, the candidate V2V transmitters at a distance of r from V t is non-homogenous. Then, to further capture the conditional spatial density of active V2V transmitters around V t , we make the following approximation.
Assumption 4: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, the candidate V2V transmitters at a distance of r from V t follows a 1D homogeneous Poisson point process with density λ V t c (r). Based on Assumption 4, the density λ V t s (r) of the active V2V transmitters at a distance of r from V t is derived in the following lemma.
Lemma 12: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, under Assumption 4, λ V t s (r) is upper bounded by
Proof: By applying a similar approach as that for Lemma 5.5 in [33] , (19) is immediately obtained.
Let λ V r s (r) denote the active V2V transmitters at a distance of r from V r . Then, we derive λ V r s (r) in the following corollary.
Corollary 3:
In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, λ V r s (r) is upper bounded by
Proof: (20) is immediately obtained from (19) . To eventually derive the coverage of the V2V links, we make the following assumption.
Assumption 5: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, the active V2V transmitters at a distance of r from V t follows a 1D homogeneous Poisson point process with density λ V t s (r). Based on the spatial distribution of the active V2I and V2V transmitters around V r derived in Lemmas 9, 10, and Corollary 3, under Assumption 5, we provide the coverage probability of V2V transmissions in the following theorem.
Theorem 3: In the studied one-way highway vehicular network which employs the contention based OSA for V2V nodes, based on Assumption 5, the coverage probability of the secondary network is lower-bounded by
Proof: See Appendix E. Remark 4: With Theorem 3, the spatial throughput T v = λ a v C v of the V2I links is then characterized.
VI. NUMERICAL RESULTS
In this section, we evaluate the performance of the studied one-way highway vehicular network under the proposed contention based OSA of V2V nodes. Throughout this section, unless specified otherwise, we set
, p e = 0.5. Fig. 4 validates the analytical results of the spatial opportunity Q v via simulation, and shows that the Q v is a decreasing function with respect to the density λ r of the active V2I nodes as expected. Further, Fig. 4 shows that Q v is an increasing function of N v , which implies that the spatial opportunity is strongly affected by the interference tolerance at the V2I nodes. Fig. 5 validates the analytical results on the successful contention probability ϑ v , and demonstrate the impact of N c on ϑ v . Particularly, it shows that the successful contention probability ϑ v is a decreasing function of λ v and an increasing function of N c . Fig. 5 also validates that Assumption 1 is effective. Fig. 6 present the transmission probability q v v.s. the density of V2Vs λ v . It is observed from the simulation results that the derived transmission probability q v of V2Vs is effective.
In Fig. 7 , we present the coverage probabilities of the V2V links C r and V2I links C v versus the density of V2Vs λ v , X. Song, M. Yuan: Contention-Based Opportunistic Spectrum Access in One-Way Highway Vehicular Networks when λ r = 0.5 and 0.05, respectively. We can observe that the derived upper and/or lower bounds on C r and C v are effective, which implies that Assumptions 2, 3, 4, 5 are valid. It can be also observed that C r and C v under the proposed contention based OSA strategy outperforms that of the baseline scheme (without contention based OSA of V2V nodes).
In Fig. 8 , we present the spatial throughput of the V2V links T r and V2I links T v versus the density of V2V nodes λ v , when λ r = 0.5 and 0.05, respectively. The simulation results again demonstrate the superiority of the proposed contention based OSA strategy.
VII. CONCLUSION
In this paper, under the scenario of a one-way highway vehicular network, the spectrum sharing strategy between V2V links and V2I links was designed. Particularly, to explore the spectrum preoccupied by the V2I nodes, a contention based opportunistic spectrum access (OSA) strategy is proposed for V2V nodes. Under this setup, the transmission probability of V2V nodes was derived. Further, the coverage performances of the V2V and V2I links were analyzed. It is worth noting that one of the key challenges in the computations of the transmission probability and coverage probabilities stem from the non-homogeneity of the eligible/active V2V nodes. To address this issue, we proposed a HPPP approximation for the spatial model of the eligible/active V2V nodes and validates the respective effectiveness by means of extensive simulations. We also discussed the key design insights by analyzing the impact of system parameters on the network performance. It was shown through both numerical and simulation results that the proposed contention based OSA strategy can enhance the spectrum efficiency of the one-way highway vehicular network.
APPENDIX A PROOF OF LEMMA 2
Under the proposed contention based OSA protocol, the maximum received received signal power at location x on the X. Song, M. Yuan: Contention-Based Opportunistic Spectrum Access in One-Way Highway Vehicular Networks one-way highway from the all the V2I transmitters is given by
where r denotes the set of all V2I transmitters, and X i denotes the respective location of the i-th V2I transmitter in r . Then, the spatial opportunity of the V2V transmitters is derived as follows:
This thus completes the proof of Lemma 2.
APPENDIX B PROOF OF LEMMA 3
Under the proposed contention based OSA protocol, with Assumption 1, the successful contention probability of a candidate V2V transmitter at location x o is given by
where t is the back-off timer of x o , b i is the back-off timer of the i-th contender of x o , and
This thus completes the proof of Lemma 3.
APPENDIX C PROOF OF LEMMA 7
Proof: We define P I (R) and P I (V I ) as
and
where a v denotes the set of all active V2V transmitters, and
denotes the pseudo interference from X j received at x. Then, it can be easily verified that
respectively. As illustrated in Fig. 9(a) , the one-way highway vehicular network on R is partitioned into infinite number of line segments of equal length s. Then, for the symmetrical pair s 1 i or s 2 i with respect to the perpendicular bisector M of the line between R and V I , their introduced pseudo interference received at R and V I are given by
respectively. Further, it can be obtained that
where (a) follows from the fact that r 1 ≤ r 2 .
It is worth noting that This thus completes the proof of Lemma 7.
APPENDIX D PROOF OF THEOREM 2
Proof: Under the proposed contention based OSA strategy, the SIR received at the typical RSU R is given by
where r and a v denote the set of V2Is and active V2V transmitters, respectively. As such, the coverage probability of the typical V2I link is given by
Then, by applying Lemmas 5, 6 and 7 on (45), the upper and lower bounds on C r is immediately obtained.
APPENDIX E PROOF OF THEOREM 3
Proof: Under the proposed contention based OSA strategy, the SIR of the typical V2V link is given by
where r denotes the set of all V2Is, and a v denotes the set of active V2V transmitters (except V t ).
As such, the coverage probability is given by
where f l (l v ) is given by
Then, by applying Lemmas 9, 10, and Corollary 3 to (48), we obtain the lower bound on the coverage probability C v as given by (21) .
